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Polarized neutrons are used to determine the antisymmetric part of the magnetic susceptibility in
non-centrosymmetric MnSi. The paramagnetic fluctuations are found to be incommensurate with
the chemical lattice and to have a chiral character. We argue that antisymmetric interactions must
be taken into account to properly describe the critical dynamics in MnSi above TC . The possibility
of directly measuring the polarization dependent part of the dynamical susceptibility in a large
class of compounds through polarised inelastic neutron-scattering is outlined as it can yield direct
evidence for antisymmetric interactions like spin-orbit coupling in metals as well as in insulators.
PACS numbers: 75.25+z, 71.70.Ej, 71.20.lp
Ordered states with helical arrangement of the mag-
netic moments are described by a chiral order parameter
~C = ~S1 × ~S2, which yields the left- or right-handed ro-
tation of neighboring spins along the pitch of the helix.
Examples for compounds of that sort are rare-earth met-
als like Ho [1]. Spins on a frustrated lattice form another
class of systems, where simultaneous ordering of chiral
and spin parameters can be found. For example, in the
triangular lattice with antiferromagnetic nearest neigh-
bor interaction, the classical ground-state is given by a
non-collinear arrangement with the spin vectors form-
ing a 120◦ structure. In this case, the ground state is
highly degenerate as a continuous rotation of the spins
in the hexagonal plane leaves the energy of the system
unchanged. In addition, it is possible to obtain two equiv-
alent ground states which differ only by the sense of ro-
tation (left or right) of the magnetic moments from sub-
lattice to sub-lattice, hence yielding an example of chiral
degeneracy.
As a consequence of the chiral symmetry of the or-
der parameter, a new universality class results that is
characterized by novel critical exponents as calculated
by Monte-Carlo simulations [2] and measured by neu-
tron scattering [3] in the XY -antiferromagnet CsMnBr3.
An interesting but still unresolved problem is the charac-
terization of chiral spin fluctuations that have been sug-
gested to play an important role e.g. in the doped high-Tc
superconductors [4]. The measurement of chiral fluctua-
tions is, however, a difficult task and can usually only be
performed by projecting the magnetic fluctuations on a
field-induced magnetization [5,6].
In this Letter, we show that chiral fluctuations can be
directly observed in non-centrosymmetric crystals with-
out disturbing the sample by a magnetic field. We
present results of polarized inelastic neutron scattering
experiments performed in the paramagnetic phase of the
itinerant ferromagnet MnSi that confirm the chiral char-
acter of the spin fluctuations due to spin-orbit coupling
and discuss the experimental results in the framework of
self-consistent renormalisation theory of spin-fluctuations
in itinerant magnets [7].
Being a prototype of a weak itinerant ferromagnet, the
magnetic fluctuations in MnSi have been investigated in
the past in detail by means of unpolarized and polarized
neutron scattering. The results demonstrate the itiner-
ant nature of the spin fluctuations [8–10] as well as the
occurrence of spiral correlations [11] and strong longitu-
dinal fluctuations [13].
MnSi has a cubic space group P213 with a lattice con-
stant a = 4.558 A˚ that lacks a center of symmetry leading
to a ferromagnetic spiral along the [1 1 1] direction with a
period of approximately 180 A˚ [14]. The Curie tempera-
ture is TC = 29.5 K. The spontaneous magnetic moment
of Mn µs ≃ 0.4µB is strongly reduced from its free ion
value µf = 2.5µB. As shown in the inset of Fig. 1 the
four Mn and Si atoms are placed at the positions (x, x, x),
(12+x,
1
2−x,−x), (
1
2−x,−x,
1
2+x), and (−x,
1
2+x,
1
2−x)
with xMn = 0.138 and xSi = 0.845, resepctively.
We investigated the paramagnetic fluctuations in a
large single crystal of MnSi (mosaic η = 1.50) of about
10 cm3 on the triple-axis spectrometer TASP at the neu-
tron spallation source SINQ using a polarized neutron
beam. The single crystal was mounted in a 4He refriger-
ator of ILL-type and aligned with the [0 0 1] and [1 1 0]
crystallographic directions in the scattering plane. Most
constant energy-scans were performed around the (0 1 1)
Bragg peak and in the paramagnetic phase in order to
relax the problem of depolarization of the neutron beam
in the ordered phase. The spectrometer was operated
in the constant final energy mode with a neutron wave
vector ~kf=1.97 A˚
−1. In order to suppress contamination
by higher order neutrons a pyrolytic graphite filter was
installed in the scattered beam. The incident neutrons
were polarized by means of a remanent [15] FeCoV/TiN-
1
type bender that was inserted after the monochromator
[16]. The polarization of the neutron beam at the sample
position was maintained by a guide field Bg = 10 G that
defines also the polarization of the neutrons ~Pi with re-
spect to the scattering vector ~Q = ~ki − ~kf at the sample
position.
In contrast to previous experiments, where the polar-
ization ~Pf of the scattered neutrons was also measured in
order to distinguish between longitudinal and transverse
fluctuations [13], we did not analyze ~Pf , as our goal was
to detect a polarization dependent scattering that is pro-
portional to σp ∝ ( ~ˆQ · ~Pi) as discussed below.
A typical constant-energy scan with h¯ω = 0.5 meV
measured in the paramagnetic phase at T = 31 K is
shown in Fig. 1 for the polarization of the incident neu-
trons ~Pi parallel and anti-parallel to the scattering vector
~Q. It is clearly seen that the peak positions depend on ~Pi
and appear at the incommensurate positions ~Q = ~τ ± ~δ
with respect to the reciprocal lattice vector ~τ011 of the
nuclear unit cell. Obviously, this shift of the peaks with
respect to (0 1 1) would be hardly visible with unpolar-
ized neutrons and could not observed in previous inelastic
neutron works.
In order to discuss our results we start with the gen-
eral expression for the cross-section of magnetic scatter-
ing with polarized neutrons [12]
d2σ
dΩdω
∼
∑
α,β
(δα,β − QˆαQˆβ)A
αβ( ~Q, ω)
+
∑
α,β
( ~ˆQ · ~Pi)
∑
γ
ǫα,β,γQˆ
γBαβ( ~Q, ω) (1)
where ( ~Q, ω) are the momentum and energy-transfers
from the neutron to the sample, ~ˆQ = ~Q/|Qˆ|, and
α, β, γ indicate Cartesian coordinates. The first term
in Eq. 1 is independent of the polarization of the inci-
dent neutrons, while the second is polarization depen-
dent through the factor ( ~ˆQ · ~Pi). ~Pi denotes the direc-
tion of the neutron polarization and its scalar is equal
to 1 when the beam is fully polarized. Aαβ and Bαβ
are the symmetric and antisymmetric parts of the scat-
tering function Sαβ, that is Aαβ = 12 (S
αβ + Sβα) and
Bαβ = 12 (S
αβ − Sβα). Sαβ are the Fourier transforms
of the spin correlation function < sαl s
β
l′ >, S
αβ( ~Q, ω) =
1
2πN
∫∞
−∞
dte−iωt
∑
ll′ e
i ~Q( ~Xl− ~Xl′ ) < sαl s
β
l′(t) >. The vec-
tors ~Xl designate the positions of the scattering centers in
the lattice. The correlation function is related to the dy-
namical susceptibility through the fluctuation-dissipation
theorem S( ~Q, ω) = 2h¯/(1− exp(−h¯ω/kT ))ℑχ( ~Q, ω).
Following Ref. [17] we define now an axial vector ~B by∑
αβ ǫαβγB
αβ = Bγ( ~Q, ω), that represents the antisym-
metric part of the susceptibility which, hence, depends
on the neutron polarization as follows
( ~ˆQ · ~Pi)( ~ˆQ · ~B) (2)
and vanishes for centro-symmetric systems or when there
is no long-range order. In the absence of symmetry break-
ing fields like external magnetic fields, pressure etc., sim-
ilar scans with polarized neutrons would yield a peak
of diffuse scattering at the zone center and no scatter-
ing that depends on the polarization of the neutrons.
However, an intrinsic anisotropy of the spin Hamiltonian
in a system that lacks lattice inversion symmetry may
provide an axial interaction leading to a polarization de-
pendent cross section. The polarization dependent scat-
tering obtained in the present experiments is therefore
an indication of fluctuations in the chiral order param-
eter and points towards the existence of an axial vector
~B that is not necessarily commensurate with the lattice.
Hence, according to Eq. 2 the neutron scattering function
in MnSi contains a non-vanishing antisymmetric part.
Because the crystal structure of MnSi is non-
centrosymmetric and the magnetic ground-state forms
a helix with spins perpendicular to the [1 1 1] crys-
tallographic direction, it is reasonable to interpret the
polarization-dependent transverse part of the dynami-
cal susceptibility in terms of the Dzyaloshinskii-Moriya
(DM) interaction [20,21] similarly as it was done in other
non-centrosymmetric systems that show incommensurate
ordering [18,19].
Usually the DM-interaction is written as the cross
product of interacting spins HDM =
∑
l,m
~Dl,m · (~sl ×
~sm), where the direction of the DM-vector ~D is de-
termined by bond symmetry and its scalar by the
strength of the spin-orbit coupling [21]. Although the
DM-interaction was originally introduced on microscopic
grounds for ionic crystals, it was shown that antisym-
metric spin interactions are also present in metals with
non-centrosymmetric crystal symmetry [22]. In a similar
way as for insulators with localized spin densities, the
antisymmetric interaction originates from the spin-orbit
coupling in the absence of an inversion center and a finite
contribution to the the antisymmetric part of the wave-
vector dependent dynamical susceptibility is obtained.
For the case of a uniform DM-interaction, the neutron
cross-section depends on the polarization of the neutron
beam [23] as follows
(
d2σ
dΩdω
)
np
∼ ℑ(χ⊥(~q − ~δ, ω) + χ⊥(~q + ~δ, ω)),
(
d2σ
dΩdω
)
p
∼ ( ~ˆD · ~ˆQ)( ~ˆQ · ~Pi)
× ℑ(χ⊥(~q − ~δ, ω)− χ⊥(~q + ~δ, ω)). (3)
Here, ~q designates the reduced momentum transfer with
respect to the nearest magnetic Bragg peak at ~τ±~δ. The
first line of Eq. 3 describes inelastic scattering with a
non-polarized neutron beam. The second part describes
2
inelastic scattering that depends on ~Pi as well as on ~D.
Eq. 3 shows that the cross section for ~Pi ⊥ ~Q is in-
deed independent of Pi as observed in Fig. 2. By sub-
tracting the inelastic spectra taken with ~Pi parallel and
anti-parallel to ~Q, the polarization dependent part of the
cross-section can be isolated, as demonstrated in Fig. 3
for two temperatures T = 31 K and T = 40 K.
Close to TC , the intensity is rather high and the cross-
ing atQ = (0 1 1) is sharp. At 40 K the intensity becomes
small and the transition at (0 1 1) is rather smooth, which
mirrors the decreases of the correlation length with in-
creasing temperature. We have measured (d2σ/(dΩdω))p
in the vicinity of the (0 1 1) Bragg peak at T = 35 K.
The result shown as a contour plot in Fig. 4 indicates
that the DM-interaction vector in MnSi has a compo-
nent along the [0 1 1] crystallographic direction which
induces paramagnetic fluctuations centered at positions
incommensurate with the chemical lattice.
In order to proceed further with the analysis we as-
sume for the transverse susceptibilities in Eq. 3 the ex-
pression for itinerant magnets as given by self-consistent
re-normalization theory (SCR) [7]
χ⊥(~q ± ~δ, ω) = χ⊥(~q ± ~δ)/(1− iω/Γ
~q±~δ
). (4)
~δ is the ordering wave-vector, χ⊥(~q ± ~δ) = χ⊥(~∓δ)/(1 +
q2/κ2δ) the static susceptibility, and κδ the inverse corre-
lation length. For itinerant ferromagnets the damping of
the spin fluctuations is given by Γ
~q±~δ
= uq(q2+κ2δ) with
u = u(~δ) reflecting the damping of the spin fluctuations.
Experimentally, it has been found from previous inelas-
tic neutron scattering measurements that the damping
of the low-energy fluctuations in MnSi is adequately de-
scribed using the results of the SCR-theory rather than
the qz (z = 2.5) wave-vector dependence expected for a
Heisenberg magnet [9].
The solid lines of Figs. 1 to 3 show fits of
(d2σ/(dΩdω))p to the polarized beam data. It is seen
that the cross section for itinerant magnets reproduces
the data well if the incommensurability is properly taken
into account. Using Eqs. 3 and 4 and taking into ac-
count the resolution function of the spectrometer, we ex-
tract values κ0 = 0.12 A˚
−1 and u = 27 meVA˚3 in rea-
sonable agreement with the analysis given in Ref. [10].
The smaller value for u when compared with u = 50
meVA˚3 from Ref. [9] indicates that the incommensura-
bility ~δ = (0.02, 0.02, 0.02) was neglected in the analysis
of the non-polarized neutron data. At T = 40 K, the
chiral fluctuations are broad (Fig. 3) due to the increase
of κδ with increasing T , i.e. κδ(T ) = κ0(1−TC/T )
ν. We
note that the mean-field-like value ν = 0.5 obtained here
is close to the expected exponent ν = 0.53 for chiral sym-
metry [2]. This suggests that a chiral-ordering transition
also occurs in MnSi in a similar way to the rare-earth
compound Ho, pointing toward the existence of a univer-
sality class in the magnetic ordering of helimagnets [1].
In conclusion, we have shown that chiral fluctuations
can be measured by means of polarized inelastic neu-
tron scattering in zero field, when the antisymmetric
part of the dynamical susceptibility has a finite value.
We have shown that this is the case in metallic MnSi
that has a non-centrosymmetric crystal symmetry. For
this compound the axial interaction leading to the po-
larized part of the neutron cross-section has been identi-
fied as originating from the DM-interaction. Similar in-
vestigations can be performed in a large class of other
physical systems. They will yield direct evidence for
the presence of antisymmetric interactions in forming the
magnetic ground-state in magnetic insulators with DM-
interactions, high-Tc superconductors (e.g. La2CuO4
[24]), nickelates [25], quasi-one dimensional antiferromag-
nets [26] or metallic compounds like FeGe [27].
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FIG. 1. Inelastic spectra in MnSi (h¯ω = 0.5 meV)
at T = 31 K for the neutron polarization parallel and
anti-parallel to the scattering vector ~Q, respectively. The solid
lines are fits to the data. The inset shows the Mn atoms in
the crystal structure of MnSi. Note that MnSi is not cen-
tro-symmetric.
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FIG. 2. Neutron spectra in MnSi for an energy-transfer
h¯ω = 0.5 meV as measured at T = 35 K for ~Pi perpendicular
to ~Q and − ~Q, respectively. The solid line shows a fit to the
data and the small symbols represent the difference signal
that is independent of ~Pi. See text for details.
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FIG. 3. Difference neutron counts for polarization ~Pi of the
incident neutron beam parallel and anti-parallel to ~Q in MnSi
at T = 31 K and 40 K, respectively. The solid lines are fit to
the data using the SRC-result for the dynamical susceptibility
with the parameters given in the text.
FIG. 4. Contour-map of the polarization dependent scat-
tering for an energy transfer h¯ω = 0.5 meV as measured near
the (0 1 1) reciprocal lattice point at T=35K.
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